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ABSTRACT 

Under normal f l i g h t  test conditions, it has been known that there  
is  an e r ro r  i n  measuring the  p i l o t  describing function due t o  a correla- 
t i o n  of t he  input e r ro r  s igna l  w i t h  the p i l o t ' s  output noise.  
shown i n  t h i s  paper that t h i s  measurement e r r o r  can be reduced by sh i f t -  
ing the input s igna l  during the computer processing. The input s igna l  
i s  sh i f ted  by an amount equivalent t o  the p i l o t ' s  t i m e  delay. 
technique i s  based on a theore t ica l  development which considers the f a c t  
tha t  the measurement i s  constrained t o  only ident i fy  phys icany  rea l iz -  
able systems. The simulation and ident i f ica t ion  of an example p i l o t  
model is  included i n  t h i s  study t o  i l lustrate t h i s  technique. Also, 
representative data f romthe  r e t r o f i r e  phase of t he  Gemini X f l i g h t  have 
been analyzed and are presented t o  demonstrate the f e a s i b i l i t y  of using 
t h i s  technique w i t h  normal spacecraft operating records. 

It i s  

This 

INTRODUCTION 

P i l o t  describing functions have usual ly  been ident i f ied  from records 
obtained i n  ground-based simulators and f l i g h t  tes ts  wherein carefu l ly  
controlled external forcing functions ( i . e . ,  s ine waves) are used t o  
exci te  the p i l o t  vehicle system. I n  these analyses, the p i l o t ' s  output 
and input are compared w i t h  the known forcing function in  order t o  reduce 
e r ro r s  i n  ident i f ica t ion  due t o  any correlat ion of the input e r r o r  s igna l  
w i t h  the p i l o t ' s  output noise.  
t h i s  previous work and summarizes the p i l o t  describing functions measured 
f o r  a va r i e ty  of vehicle and control system dynamics. 

Reference 1 contains a good review of 

Some methods proposed fo r  p i l o t  describing functions ident i f ica t ion  
use f l i g h t  tes t  data wherein only random external  disturbances ( i .e . ,  
aerodynamic turbulence, propulsive disturbance, e t c .  ) exci te  t he  p i l o t  
vehicle  system. These are the so-called open-loop methods which compute 
the p i l o t s  describing function d i r ec t ly  from the  p i l o t s  input and output 
s igna ls .  
expected e r rors  i n  ident i f ica t ion  have been analyzed. It was shown tha t  
there  i s  a measurement e r ro r  when using these open-loop methods due t o  
the f a c t  tha t  the p i l o t ' s  output noise i s  t ransfer red  through the  control  
loop, appearing as a component of h i s  input e r ro r  signal,  and thus is  
correlated w i t h  h i s  i n p u t .  It w a s  fur ther  shown tha t  i f  the  p i l o t s  
noise w a s  l a rge ,  as compared w i t h  the external  disturbance, then the  
measurement e r ro r  would probably be unacceptable. 

In  reference 2,  these methods have been reviewed and the 

During normal f l i g h t  t e s t  operations there  a re  usually no carefu l ly  
control led forcing functions and even the random external  disturbance 
may be qui te  small. The purpose of t h i s  report  is  t o  present the  develop- 
ment of a technique t o  reduce the  error in  measuring the  p i l o t  describing 
functions fo r  these normal f l i g h t  t e s t  operations. A b r ie f  t heo re t i ca l  
development of t h i s  technique i s  included i n  the appendix. This technique 
involves shift ing the time h is tory  of the input e r ro r  s ignal  during the  
computer processing. 
t o  the p i l o t ' s  time delay. A s  shown in the appendix, t h i s  technique could 
conceivably be used w i t h  any open-loop method which is constrained t o  only 

The input signal is  shifted an amount equivalent 
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ident i fy  physically real izable  sys tem.  
report ,  t h i s  technique w i l l  be applied w i t h  two representative ident i -  
f i c a t  ion methods; cross-correlat  ion (ref 6. 2 and 3) and orthogonal f il- 
ters ( r e f s .  2 and 4) . Although previous s tudies  (e .g., r e f s .  4 and 5 )  
have considered the  use of a time delay i n  t h e  measurement of p i l o t  
describing functions,  it was apparently not observed tha t  this  t i m e  
delay would s t rongly influence the  e r rors  in ident i f ica t ion .  

For the  purposes of t h i s  

I n  t h i s  paper, t h i s  technique of reducing measurement e r ro r s  w i l l  

This technique will a l so  be applied t o  data  recorded during the  
be i l l u s t r a t e d  through the  simulation and ident i f ica t ion  of a known sys- 
tem. 
Gemini X f l i g h t .  
of t h i s  technique f o r  measuring the  p i lo t  describing functions using 
ac tua l  f l i g h t  t es t  records. 

These r e su l t s  w i l l  serve t o  demonstrate t h e  appl icat ion 

NOMENCLATURE 

cont ro l le r  def lect ion (output of p i l o t )  

e r ro r  s igna l  (input t o  p i l o t )  

external  disturbance 

p i l o t  noise 

autocorrelation function of n ( t )  

time, sec 

controlled element 

p i l o t  t r ans fe r  function 

measured p i l o t  t ransfer  function 

exponential decay fac tor ,  sec-l 

pure time delay used during analysis ,  see 

pure time delay i n  Yc, sec 

pure time delay i n  Yp, sec 

power spectrum of  e ( t )  

power spectrum of n ( t )  

cross-power spectrum of e ( t )  and c ( t )  
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Oen( j w )  cross-power spectrum of e ( t )  and n ( t )  

w frequency, rad/sec 

MEELSUREMENT ERROR W I T H  OPEN-MOP IDENTIFICATION METHODS 

Measuring p i l o t  describing functions with open-loop ident i f ica t ion  
methods i s  i l l u s t r a t e d  i n  the  upper portion of f igure 1. In  order t o  

PI LOT 
r---------- -I 

I 

h CONTROLLED 

YC 

w ELEMENT 

Figure 1.- Measurement of describing functions with open-loop 
ident i f ica t ion  methods . 

determine the  unknown describing function, Yp( ju), there  must be some 
s igna l  within the  control  loop. 
disturbance source, i ( t ) ,  o r  t h e  noise introduced by the  p i l o t  n ( t )  . 
Although i ( t)  i s  shown i n  f igure 1 as a time-varying command, it can 
a l so  be considered (through block diagram reduction) t o  contain any 
other type of disturbance such as aerodynamics, propulsion, e t c . ,  which 
i s  ex terna l  t o  the p i l o t .  The p i l o t  is assumed t o  be in  a compensatory 
tracking t a sk  t ry ing  t o  control  h i s  output c ( t )  i n  such a manner as t o  
keep t h e  e r ro r  s igna l  

This s igna l  could be the  r e s u l t  of the  

e ( t )  near zero. 

In  measuring the  p i l o t ' s  describing function using these types of 
open-loop methods, previous s tud ies  (e  .g . , refs. 2 and 6) have shown 
:hat there  is  a difference between the measured describing function 
Y p ( j w )  and the  ac tua l  describing function 
of  e ( t )  with n ( t ) .  
fo r  t h e  estimated describing function. 

Yp( j w )  due t o  a correlat ion 
This can be shown using cross-spectral  re la t ionships  
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where 0ec(j.) is the  cross-power spectrum between e ( t )  and c ( t )  and 
Q e e ( W )  i s  t h e  power densi ty  epectrum of If basic  re la t ionships  
are used f o r  t he  closed loop system in  f igure 1, the  cross-product can 
be wri t ten as the  sum 
t h i s  in to  equation (l), we then obtain 

e ( t )  . 
Qec( jo) = Y p ( j w )  ea( j w )  + Oen( j u )  . Subst i tut ing 

- 
e r ro r  

It can be seen t h a t  any correlat ion,  Q p n ( j W ) ,  between 
contribute an e r ro r  when open-loop ident i f ica t ion  methods a re  used. 
amount of t h i s  e r ro r  derived in  the  previous studies i s  i l l u s t r a t e d  on 
the  lower portion of figure 1. For case I where 
than 
tP( ju) w i l l  be near t h e  t r u e  value 
which n ( t )  is much l a rge r  than 
sured describing function w i l l  be veryhmuch i n  e r r o r ,  and, i n  f a c t ,  the 
ident i f ica t ion  methods w i l l  measure1 Yp ( j w )  = - l /Yc ( j w )  . 

e ( t )  and n($)  can 
The 

i(t ) is much l a rge r  
n ( t )  it has been shown t h a t  the measured describing function 

Yp( j w )  . However, fo r  case I1 i n  
i ( t) ,  it has been shown tha t  the  mea- 

THE USE OF A TLME DELAY, A, TO REDUCE MEASUREMENT ERRORS 

Because fo r  normal f l i g h t  t e s t  conditions n ( t )  may be la rge  compared 
t o  i(t) , it is necessary t o  find some means of reducing the  la rge  e r r o r  
indicated i n  case I1 above. The theore t ica l  development of such a tech- 
nique i s  described in  the  appendix. This development considers the  f a c t  
t h a t  i n  using t ime-domain ident i f icat ion methods, the  measurement is  con- 
s t ra ined  t o  be physically real izable .  
the p i l o t  describing function i s  characterized by a time delay, T p .  

i s  shown i n  the appendix t h a t  delaying the input data (see upper portion 
of f i g .  2 )  by an amount 
e r r o r .  

It a lso  considers the  f a c t  t h a t  
It 

A, where h 5 T ~ ,  w i l l  reduce the measurement 

The results from the  appendix are summarized in  the  lower portion of 
f igure 2 .  
e r ro r s  t o  be expected. 
results i n  d e t a i l .  

These results assume n ( t )  >> i( t)  t o  i l l u s t r a t e  the maximum 
The rest of t h i s  sect ion w i l l  discuss these 

Theoretical Results 

A s  shown i n  the  appendix, the  measurement e r ro r  depends upon the 
autocorrelat ion function, & ( T ) ,  of the p i l o t ' s  noise and i ts  r e l a t ion  
t o  the  p i l o t ' s  impulse response function (see sketch) .  
case I11 i n  f igure 2 ,  if t h e  spectrum of' the p i l o t  noise i s  near white 
noise ,  t h a t  is  if R,(T) = 0 for  a l l  values of T greater  than A, then 

i s  a non-minimum 

A s  noted f o r  

'As shown i n  the  appendix, this i s  modified i f  Yc 
phase and the  measurement has the  constraint  only t o  ident i fy  physically 
r ea l i zab le  systems. 
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Figure 2.- Measured describing functions using a t i m e  delay; 
o s h s T ~ ,  yC minimum phase, n ( t )  >> i ( t ) .  
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t h e  measurement e r ro r  w i l l  be zero. This r e s u l t  appears t o  be s igni f icant  
and has many far-reaching ramifications.  The most important point is  t h a t  
a system describing function, Yp( ju), can theo re t i ca l ly  be measured with 
t h e  system excited only by the internal  noise,  n ( t ) .  

The measured describing function w i l l  be ident ica l  t o  the  t rue  describ- 
ing function, but only i f  the  special  conditions noted i n  case I11 a re  met. 
A more general  condition i s  noteti u d e r  case I V .  Bere, Rnn(T), tne  p i l o t ' s  
in jec ted  noise described in  terms of an autocorrelation function i s  assumed 
t o  take  the  form R m ( 7 )  = Ke-alT1 which would be narrow-band noise. This 
form agrees qui te  w e l l  with some experimental measurements of t he  p i l o t ' s  
remnant. For instance,  t h i s  exponential form with a = 9 sec-1 agrees 
with the measured n ( t )  i n  reference 7. The measurement e r ror  has been 
derived and is shown i n  f igure 2 .  
i l l u s t r a t e d  by an experimental example. 

These l a t t e r  two cases w i l l  now be 
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Simulation Results 

To i l l u s t r a t e  t h e  theory presented i n  cases I11 and I V ,  t he  repre- 
sentat ive control  loop shown i n  t h e  upper l e f t  of f igure  3 was simulated, 

)n.WHlTE NOISE (CASEm) 
--- - SIMULATION 

MEASUREMENT --- THEORY ) R ~ r l = C 5 1 r l  (CASE Ip 1 
-SIMULATION nn 

FREOUENCY, w. rad /sec 

Figure 3.- Example using only in te rna l  disturbance; measurement 
with cross-correlation method, 13 sec run length.  

and ident i f ica t ion  measurements were made on the  known system. 
example, a representat ive p i l o t  model and controlled element were a s  
follows: Y ( j u )  = 4e-0*3jw , Yc(ju) = (1 / ju) .  
made with ng external  disturbance, i ( t )  = 0, and the  only exci ta t ion t o  
the  system dynamics w a s  the  in te rna l  n o i s e  source, n ( t )  . 
of A = 0.2 sec w a s  used. Two forms of t h e  noise spectrum were con- 
sidered: an n ( t )  with a spectrum which approximates white noise t o  
i l l u s t r a t e  case I11 and 

For case I11 where 

For t h i s  

These measurements were 

A time delay 

Rnn(7)  = e-51T1 

n ( t )  is  near white noise,  the  theory predicts  

t o  i l l u s t r a t e  case I V .  

;hat t h e  measurement w i l l  identif'y the known system, tha t  i s  
Y ( j w )  = 4e-0.3ju. 
measured amplitude of 
frequencies t o  about 9 rad/sec and the phase angle i s  only 
t r u e  value.  
accuracies of the simulation. These r e su l t s  f o r  case I11 then seem t o  
subs tan t ia te  the  theore t ica l  conclusion t h a t  it i s  possible t o  measure 
t h e  describing function of a system which i s  excited by noise 
introduced in te rna l ly  within the system. 

Figure 3 presents the  experimental r e s u l t s .  The 
fp( j u )  i s  o n l y  fl d B  about t he  t rue  value f o r  

P 

about t he  
These differences a re  believed t o  be within the  experimentai 

n ( t )  

, theory predicts  an e r ror  i n  the  -51 71 For case I V ,  where R,(T) = e 
measurement; t h a t  i s ,  
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The simulation data  i n  f igure 3 f o r  t h i s  case a r e  again near t he  value 
predicted above by the  theory. 
value of t he  amplitude of t he  describing function ? p ( j w )  d i f f e r s  from 
the  t rue  value 
(about 4 dB below the  t r u e  value) a t  t h e  lower frequencies and tends t o  
give the appearance of lead (s lope = 20 dB/decade) a t  t h e  higher 
frequencies. Actually, t he  measurement i s  tending toward - l / Y c (  j u )  as 
predicted by the  theory.  
with t h e  true value.  

We can see from t h i s  f igure the  measured 

Y p ( j W )  i n  such a manner as t o  produce too low a value 

The phase angle, however, agrees qui te  w e l l  

If a time delay were not used i n  t h i s  examp;e, t ha t  i s ,  i f  A = 0, 
then the  measured describing function would be 
shown by the  cross-hatched l i n e  in figure 3.  
h = 0 the  value of t he  constant factor i n  the  e r ro r  term fo r  case I V  is  
e-ah = 1. The value of t h i s  constant fac tor  w i t h  A = 0.2, as shown i n  
equation ( 3 ) ,  is  In comparing these values,  we see t h a t  
using 
of the e r ro r  term (only the phase is affected by the fac tor  
Also i f  A were nearer t o  the  true value of T~ i n  t h i s  example, tha t  
i s ,  i f  
corresponding t o  a 78% reduction i n  the magnitude of the  e r ro r  term. 

Y p ( j w )  = - l / Y c ( j u ) ,  as 
We can note that  with 

e-ah = 0.37. 
A = 0.2 resul ted i n  approximately a 63% reduction i n  the  magnitude 

e-hjw). 

A = 0.3 sec,  then t h i s  would have resu l ted  i n  e-ha = 0.22, 

Applicat ion 

A s  we have j u s t  shown, using the t i m e  delay A w i l l  reduce the  mea- 
siirement e r ro r  due t o  the  correlation of n ( t )  with e ( t )  . Case IV above 
indicates  tha t  
t h i s  e r r o r .  However, h should not be much grea te r  than T~ because then 
the  t o t a l  measurement e r ro r  w i l l  tend t o  increase.  It appears from our 
e.xperience t h a t  h should be near the value of the  p i l o t ' s  e f fec t ive  t i m e  
delay,  T ~ .  The p i l o t ' s  e f fec t ive  time delay may be approximately known 
i n  some s i tua t ions  ( i . e . ,  ref .  1) but, i n  general ,  i t s  value w i l l  be 
unknown and w i l l  depend upon t h e  par t icu lar  p i lo t ing  task. 
estimating the  p i l o t ' s  effect ive time delay (thus select ing 
i l l u s t r a t e d  l a t e r  i n  the  report .  

A should be as large as possible i n  order t o  minimize 

One method of  
A )  w i l l  be 

I n  these previous examples, t h e  measurement e r rors  were near the 
mximum t o  be expectedsince the  system w a s  excited o n l y  by the  in t e rna l  
noise source. The addition of  external disturbances ( r e f .  2 )  w i l l  tend 
t o  reduce the  e r ro r  i n  measurement. It i s  des i rab le ,  therefore ,  i n  
appl icat ions t o  analyze those portions of the  f l i g h t  test  record which 
have some external  disturbances i n  order t o  insure the  best possible 
measurement of Yp. 

FLIGHT TEST RESULTS FROM GENLNI X 

Records taken during the Gemini f l i g h t s  a r e  current ly  being analyzed 
a t  Ames Research Center i n  order t o  measure the  p i l o t  describing function 
during manned spacecraft operations. The following results, from Gemini X, 
w i l l  include only one example of t h e  f l i g h t  data which serves t o  i l l u s t r a t e  
the Subject ident i f ica t ion  technique. A s  noted previously, i n  select ing 
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t he  f l i g h t  t e s t  data  t o  be analyzed it is  important t o  se l ec t  a sect ion 
of the record t h a t  contains the  maximum number of external  disturbances.  
This w a s  found t o  be the  case during the  r e t r o f i r e  maneuver where 
external  disturbances were introduced due t o  t he  unsymmetric r ipp le  
f i r i n g  of the  4 retro-rockets.  

During r e t r o f i r e  t he  p i l o t  is controll ing the  attitude about each 

O f  t he  three  
of the  three axes. There is  no control coupling between these axes and 
the  p i l o t  appears t o  treat them as three separate t a sks .  
axes, tne  control  about the  ;yaw axis, shown i n  f igure 4,  w a s  found t o  

-3- 1 I I I I I I I I I I I 

Figure 4 .- Time  h i s tory  of y a w  control t a s k  during r e t r o f i r e .  

contain the  best consistent correlation between a t t i t u d e  deviations,  
e ( t )  and control s t i c k  def lect ions,  c ( t > .  These data  fo r  only the  yaw 
ax i s  cont ro l  w i l l  be used t o  i l l u s t r a t e  t he  measurement of the p i l o t ' s  
describing function during r e t r o f i r e .  

The Bode p lo ts  of t he  p i l o t  describing function obtained by the  
cross-correlat  ion method fo r  t he  datahof f igure  4 are presented i n  
f igure 5 .  
are presented as a function of frequency f o r  two values of 
and A = 0.7 sec.  
f o r  t h e  negative inverse of the vehicle dynamics, - l / Y c ( j w )  ( t h i s  l i n e  
represents  only an approximation because Yc i s  not l i n e a r ) .  The s ig-  
nif icance of t h i s  l i n e  w a s  noted previously. 
$he appendix,predicts t h a t  f o r  
Yp(jw) w i l l  tend toward 
however, because of t he  external  disturbanceshcaused by the  retro-rockets.  
These p l o t s  i l l u s t r a t e  t ha t  fo r  
-I/&( j w )  as compared with tha t  fo r  the measurement made with some posi- 
t i v e  value of A; in t h i s  case h = 0.7 sec . 

Curves of the  magnitude, l Y p ( j w ) I ,  and phase angle, *Yp( j w ) ,  
A: A = 0 

Also shown by the  cross-hatched l i n e  is the  Bode p lo t  

The theory, as shown i n  
A = 0 t h e  measured describing function 

- l / Y c (  j w ) .  It should not measure t h i s  exact ly ,  

h = 0, the  Yp(Jw) does tend toward 

Now i n  using t h i s  technique of measurement an important question 
i s ,  "what value for  A should be used?". A s  noted previously A should 
be near T ~ .  For these data the  following procedure appears promising. 
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Figure 5 .- Effect of time delay using cross-correlation method; 
yaw control  during r e t r o f i r e .  

(1) Compute the  Bode plot  f o r  a given value of A 

(2)  Select t he  t r ans fe r  function t h a t  best f i t s  the  Bode p lo t  ( i . e . ,  

( 3 )  Note the  value of T~ from (2) 

Yp( j w )  = Ke-TpJw, e t c . )  

These s teps  a r e  repeated f o r  several  values of A i n  order t o  determine 
a value of A t h a t  corresponds t o  T . This procedure i s  i l l u s t r a t e d  
i n  f igure 6 f o r  the yaw ax i s  task.  d e  estimated T~ from fa i r ing  

e / .  

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 0 CROSS-CORRELATION 

/ 
/ 0 ORTHOGONAL FILTERS 

/ 
/ 

/ 
/ 

/ 
/ 

/ 

/' I 
1 

.5 1.0 0 
TIME DELAY, A ,  sec 

FigLre 6.- Comparisnn of e s t i m t e d  tine delay with A; -yaw control 
during r e t r o f i r e .  

through the  Bode p lo ts  are presented as a function of 
sented f o r  both the  orthogonal f i l t e r s  method and the  cross-correlation 
method. It is  seen t h a t  t he  estimated A i s  equal t o  the  t i m e  delay, 

A. Data are  pre- 
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TP, a t  h - 0 .7 .  
ident i f ica t ion  ana lys i s .  

Therefore, h = 0.7 was selected fo r  use i n  t h i s  

Figure 7 presents the  Bode p lo ts  obtained by the  cross-correlation 
and orthogonal f i l t e r  methods. The two measurements a r e  given fo r  

-- CROSS-CORRELATION 
- ORTHOGONAL FILTERS 

w' 20- 
O m  2 U  

- I O L  I I 

0 

0. I I I O  
FREQUENCY, w, rodlsec 

Figure 7 .- Comparison of two ident i f ica t ion  methods for  yaw control  
t a sk  during re t rof i re ;  h = 0.7 sec . 

comparison of these representative time-domain ident i f ica t ion  methods. 
We see t h a t  there  is good agreement between the methods below the  fre- 
quency of about 1 rad/sec. 
frequencies. For these f l i g h t  records there  i s  very l i t t l e  input power 
a t  frequencies above about 2 rad/sec so t h e  data  shown a t  frequencies 
above t h i s  value probably have l i t t l e  s ignif icance.  

The major differelices appear a t  the high 

The describing functions measured by both techniques, as shown i n  
f igure  7, appear t o  represent a constant gain system with a time constant, 
T p ,  of about 0.7 sec.  
t he  results from previous studies, does appear reasonable. 
with a rate command system as used i n  t h i s  control  task ,  reference 1 has 
shown that the  p i l o t  describing function w i l l  be e s sen t i a l ly  a constant 
gain system with a pure t i m e  delay. 
i s  lower fo r  the f l i g h t  data) and the  time delay (which i s  higher f o r  the 
f l i g h t  data) appears t o  be a t t r ibu ted  t o  the  f a c t  t h a t  in  t h i s  spacecraft 
t a s k  t h e  p i l o t  i s  controll ing about 3 separate axes whereas i n  reference 1 
the  p i l o t  was controll ing only about a s ing le  a x i s .  

This result, although not d i r e c t l y  comparable t o  
For instance,  

Any difference in  the gain (which 

EFFECT OF TIME LAGS I N  THE TOTAL CONTROL LOOP 

Up t o  t h i s  point ,  we have assumed t h a t  Yc( ja)  i s  minimun phase; for 
ins tance ,  we have not included the  e f fec t  of any transport  lags  in  
Y c ( j w ) .  Yc( j u )  w i l l  
f u r the r  tend t o  decrease the  measurement e r ro r  i n  
t h e  measurement e r ro r  w i l l  theore t ica l ly  be zero i f  

A s  shown i n  t h e  appendix, any time delay, Z c ,  in  
Yp( ja)  . In  pa r t i cu la r ,  



= o for T > A  + 

where 

This means t h a t ,  i n  general ,  t he  measurement e r ro r  can be made small i f  
the  autocorrelation function of the  in te rna l  noise is  negl igible  when T 

i s  grea te r  than the  sum of a l l  transport  l a g s  through the  t o t a l  control 
loop, Tc + T P '  

This approach t o  system ident i f ica t ion ,  as developed i n  t h i s  paper, 
indicates  t h a t  t he  in t e rna l  noise, n ( t ) ,  need not be a hinderance t o  
ident i f icat ion;  bu t ,  ra ther ,  it may possibly a i d  i n  the  ident i f ica t ion  
and analysis  of feedback control systems ( i f  the  conditions s ta ted  above 
are met). 
many other f i e l d s  (i .e., biology, economics, chemical processes) where 
measurements can only be made with the noise introduced in te rna l ly  within 
the  system t o  be measured. 

This i s  an important point t h a t  may a l so  have appl icat ion i n  

CONCLUDING REMARKS 

This paper has shown tha t  i n  measuring p i l o t  describing functions,  
t he  measurement e r ro r  due t o  the  correlat ion of the  input e r ro r  s igna l  
with t h e  p i l o t ' s  output noise can be reduced by sh i f t i ng  the  input data  
during the  computer analysis .  The value f o r  t h i s  time s h i f t  should be 
near t h e  e f fec t ive  time delay of t h e  p i l o t .  It i s  shown tha t  t h i s  mea- 
surement e r ro r  can be made small if the autocorrelation function, Rnn(T), 
of the  in t e rna l  noise source is  negligible f o r  T greater  than the  sum 
of a l l  t ransport  l a g s  through the  control loop. This means t h a t  i f  these 
conditions are m e t ,  it i s  conceivable t o  measure the  describing function 
of a system with feedback using only its o m  in t e rna l  noise source f o r  
exc i ta t ion .  

Representative data from the  r e t r o f i r e  portions of the  Gemini X 
f l i g h t  demonstrate t he  f e a s i b i l i t y  of measuring the  p i l o t ' s  describing 
function during normal spacecraft operation. Although these data gener- 
a l l y  agree with previous s imula tor  r e su l t s ,  addi t ional  pi loted simulator 
da ta  which more accurately duplicate the ac tua l  f l i g h t  control t a s k  should 
be obtained fo r  comparison with future measurements of the  p i l o t  describ- 
i n g  function during spacecraft operat ion. 
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APPENDIX 

ERRORS IN IDEUTIFICATION W I T H  OPEN-LOOP METHODS 

This appendix considers t h e  open-loop measurement e r ro r  due t o  the  
correlat ion of 
s t ra ined t o  be physically rea l izable .  
cor re la t ion  (refs.  2 and 3) , orthogonal filters (refs. 2 and 4), and 
parameter t rackers  (refs. 2 and 2) are examples i n  t h i s  category. 

e ( t )  with n ( t )  when the  ident i f ica t ion  method i s  con- 
Time-domain methods such as cross- 

With the  constraint  equation (1) of the text becomes 

where 

Q G e ( j U )  

[ 1, 

has no poles or  zeros i n  the LHP 

has no poles in  the RKP 

This follows the  usual solution ( re f .  8) t o  the Wiener-gopf equation 
which allows only a physically real izable  system. That is ,  Yp( j w )  is  con- 
s t ra ined  t o  have no poles i n  t h e  RHP ( r igh t  half  of the real vs .  imaginary 
plane) . 

Subst i tut ing the individual terms f o r  a c ( j U )  we  have 

Now we introduce the  important feature  of delaying 
h as i l l u s t r a t e d  i n  f igure 2 .  
be writ ten: 

e ( t )  by an amount 
The estimated t r ans fe r  function can then 

To simplify the  following discussion l e t  us assume tha t  A S Tp where 
T P is  a pure t i m e  delay i n  Y p ( j w ) .  Then since eAJ”y,(jw) is  physically 
r ea l i zab le  



The t e r m  
n ( t )  
With t h i s  assumption and using bas ic  closed-loop relat ionships  l e t  us 
define 

Qee(w> is  made up of contributions from two sources; i(t) and 
The maximum e r r o r  can be determined by assuming i(t) = 0 ( r e f .  2 ) .  

+ 
These def in i t ions  for  
zero locat ions i n  the  F W  and LHP, will hold f o r  most p rac t i ca l  control 
s i t ua t ions  except if 
time delay o r  zeros i n  RHP) . 
w i l l  be i l l u s t r a t e d  a t  the end of t h i s  appendix. 

Qee(ju) and @ i e ( j w ) ,  which assume ce r t a in  pole and 

Y, ( jw)  is a non-minimum phase ( i . e . ,  contains a 
A case in  which Yc is a non-minimum phase 

Yc M i n i m u m  Phase 

Using the foregoing assumptions, which cover a broad var ie ty  of  pi loted 
control  s i t ua t ions ,  we arr ive a t  

where [ eAJwqhn( jo)  ] + i s  evaluated as &(t)R,(t + A ) ,  i n  which u i s  the  u n i t  

s t ep  function, and R,(T) i s  the  autocorrelation function of t h e  noise,  
n ( t ) .  The above means that t he  Fourier transform i s  on ly  evaluated f o r  
7 grea te r  than A .  

Equation (A8) gives the  result we were after. For instance,  note 
from this  equation t h a t  i f  h is  posit ive-and i f  n ( t )  i s  white noise 
(%(T) is  an impiiise a t  i s  evaluated as 
zero and there  w i l l  be no e r ro r  i n  ident i f ica t ion .  The general requirement 
fo r  t h e  measurement e r ror  t o  be zero is  t h a t  

7 = 0 ) ,  then [ehJwQ&(jw)]+ 

R,(7) = 0 fo r  T > A.  

L e t  us fur ther  look a t  a more general form f o r  n ( t )  and l e t  
h ( T )  = Ke-aIT1 and we obtain 



This shows t h a t  t he  e r ro r  term on the r igh t  s ide of t he  equation is  a 
function of t he  magnitude of t h e  constant factgr  e-aA. A s  A increases 
and i f  a is la rge  (near white noise) ,  then Yp( j w )  M Y p ( j w ) .  Conversely, 
i f  A = 0 then the  r e s u l t  i s  ident ica l  t o  t h a t  shown i n  reference 2; 
? p ( j w )  = t-l/yc(jw) I .  

With TiEe  Delay i n  Y, 

Any pure time delay, T c ,  i n  Yc(jw) will fur ther  reduce the  measurement 
e r ro r .  This can be shown by noting tha t  T~ does not a f f e c t  the previous 
de f in i t i on  of Oee(w) ( O e e ( U )  is not imaginary) but it w i l l  appear i n  the  
de f in i t i on  of Oen(j.). The resu l t ing  form f o r  equation (A8)  with a t i m e  
delay,  T ~ ,  i n  Yc( j w )  is  

It i s  in te res t ing  t o  note t h a t  i n  t h i s  case if  R,(T) = 0 for  
> Tc 

delay,  A, i s  required i n  the  analysis)  i n  order t o  have zero measurement 
e r ro r .  

then Y p ( j w )  does not have t o  have a time delay (and no t i m e  
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